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We have fabricated n-layer graphene field effect transistors on epitaxial ferroelectric
PbZr0.2Ti0.8O3 PZT thin films. At low gate voltages, PZT behaves as a high- dielectric with 
up to 100. An unusual resistance hysteresis occurs in gate sweeps at high voltages, with its direction
opposite to that expected from the polarization switching of PZT. The relaxation of the metastable
state is thermally activated, with an activation barrier of 50–110 meV and a time constant of 6 h at
300 K. We attribute its origin to the slow dissociation/recombination dynamics of water molecules
adsorbed at the graphene-PZT interface. This robust hysteresis can potentially be used to construct
graphene-ferroelectric hybrid memory devices. © 2010 American Institute of Physics.
doi:10.1063/1.3467450
The intrinsic, unusual electronic properties of graphene
have made it a promising material for developing
carbon-electronics,1 such as rf-transistors2 and spin transport
devices.3,4 Additional functionalities may be introduced by
integrating graphene with functional oxides such as ferro-
electric PbZr,TiO3 PZT, which can offer high-efficiency
gating, local density modulation, and memory functions
through a spontaneous polarization that is large, electric field
switchable, and nonvolatile. Integration of ferroelectrics with
nanomaterials has previously been explored in nanowires5
and carbon nanotubes6 using crystalline films, and recently in
graphene using a polymer layer7 as the gate dielectric. In a
previous study, we demonstrated high-efficiency carrier in-
jection and superb electron mobility up to 140 000 cm2 /V s
at low temperature in graphene transistors fabricated on
high-quality epitaxial PZT films.8
In this study, we report the observation of unusual
resistance hysteresis in PZT-gated high mobility n-layer
graphene n-LG field effect transistors FETs. The meta-
stable resistance states exhibit relaxation times of 6 h at
300 K and 80 days at 77 K, which is promising for construct-
ing graphene-ferroelectric hybrid memories. The direction of
the hysteresis and its thermally activated relaxation point to
slow dynamics of graphene/PZT interfacial adsorbates as its
origin.
We grow highly crystalline and smooth epitaxial PZT
films on Nb-doped single-crystal SrTiO3 substrates.9 Charac-
terization details are given in the supplementary material.10
Piezoresponse force microscopy experiments show the as-
grown polarization of the film, P, points uniformly toward
the substrate. To reverse P, a negative voltage of 8 V relative
to the substrate is required.10,11 Graphene sheets are me-
chanically exfoliated on PZT and identified optically Fig.
1a inset. Thin sheets are examined with atomic force mi-
croscopy AFM and Raman spectroscopy. Figure 1a shows
the AFM image of a multilayer sheet, with the parts of 1, 2,
3, and 4 layers labeled. Raman spectra on the same sheet
show clear G and 2D bands with a peak intensity ratio
I2D / IG=1.3 for single layers and 0.65 for bilayers. The
2D band becomes broader and progressively weaker in
thicker flakes. Stand-alone thin flakes n=2–15 are fabri-
cated into FETs using standard lithography procedures.8
Transport measurements are performed using lock-in tech-
niques in a pumped 4He cryostat. The carrier density n is
determined via Hall measurements, from which we deduce
the gating efficiency of the device and the corresponding
dielectric constant  of the PZT.8 For devices reported here,
 varies from 30–100.
In Fig. 2, we show the sheet resistance, , as a function
of the backgate voltage, Vg, of a 7-LG device at 300 K. The
gating efficiency of this device is 1.351012 cm−2 /VgV,
corresponding to 100. Vg exhibits distinct behaviors at
low and high Vg. When the gate sweep is limited to Vg
2 V black curve, the carrier density and Vg follow
conventional field effect modulation, and the forward and
backward sweeps reproduce one another. Vg reaches a
maximum at the charge neutrality point at Vg=0.17 V. In
this regime, we observe a Hall mobility H up to
70 000 cm2 /V s.8 The small initial doping of 2
aElectronic mail: xhong@phys.psu.edu.
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FIG. 1. Color online a AFM image of a multilayer graphene sheet on a
300 nm PZT film. The layer numbers are determined by height measure-
ments and marked in the figure. Inset: optical image of the same sheet. Scale
bar: 10 m. b Raman spectra on different parts of the sheet shown in a
normalized to the G peak intensity. The increasing background at low wave
numbers and the small broad peak centered at 1615 cm−1 are from the PZT
substrate.
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1011 /cm2 indicates that the large remnant polarization of
PZT has been mostly screened by charged adsorbates and
surface reconstruction prior to graphene exfoliation.12,13
At Vg2 V, Vg becomes hysteretic, with the back-
ward sweeping curve shifted to the right of the forward
sweeping curve Fig. 2. The onset of the hysteresis is ac-
companied by a saturation in Vg, and a similar trend is
observed in nVg. The onset Vg of the hysteresis upon for-
ward sweep roughly coincides with the charge neutrality
point in backward sweep, and vice versa. The shift between
the forward and backward Vg corresponds to n=2.7
1012 /cm2. Similar hysteresis is observed on four PZT-
gated n-LG devices fabricated on three different PZT films,10
regardless of the thickness of the graphene sheet 2–15 lay-
ers, its carrier mobility 16 000–140 000 cm2 /V s and the
dielectric constant 30–100 of the PZT.
Several features of the hysteresis rule out ferroelectric
polarization switching as its origin. First, the direction of the
hysteresis is opposite to that expected from carrier density
change induced by the polarization reversal of PZT. We thus
refer to this behavior as “antihysteresis.” Second, n is only
1% of the nominal 2D charge density corresponding to the
polarization of PZT 31014 /cm2. Third, the hysteresis
occurs at Vg smaller than the coercive voltage of PZT nec-
essary to reverse the polarization.
The observed antihysteresis in Vg is reproducible and
characterized by long relaxation times. In Fig. 2, the black
curve is the stable state at lower Vg, while the red curve is
more stable at higher Vg. If we sweep Vg from 0 V following
the black curve and pause at Vg=2 V, the system slowly
relaxes to the red curve resistance red. The normalized re-
sistance difference 	t /	0 follows an exponential time
dependence given by exp−t /
 as shown in Fig. 3a. Here
	=t−red is the time-dependent t relative to red at
Vg=2 V, and 
 the relaxation time constant. 
 increases from
6 h at 300 K to 80 days at 77 K Fig. 3b. The
T-dependence of the relaxation rate, 1 /
, can be roughly de-
scribed by
1


 exp	− EbkBT 
 , 1
suggesting a thermally activated relaxation process between
two metastable states separated by an activation barrier. Fig-
ure 3b shows the Arrhenius plot of 1 /
 in two devices. The
barrier height Eb is estimated to be 50–110 meV by fitting
to Eq. 1.
Such antihysteresis behavior was previously observed in
carbon nanotube FETs gated by SiO2 and epitaxial ferroelec-
tric BaTiO3 films.6,14,15 Several explanations involving oxide
charge trapping, surface charge trapping via silanol groups,
or the polarization of surface bound water molecules have
been proposed.16–18 Although the exact mechanism has yet to
be clarified, studies in Ref. 15 point to a crucial role played
by interfacial water molecules.
In our PZT-gated devices, charged adsorbates are present
on the surface of PZT to screen its polarization prior to the
exfoliation of graphene. As a likely candidate in the ambient,
water is known to have two metastable forms when chemi-
sorbed on the surface of transition metal oxides, such as
TiO2, VO2, and BaTiO3. It either maintains its molecular
form or, in the presence of defects or uncompensated
charges, dissociates into H+ and OH−.19–21 The balance be-
tween the dissociation and recombination processes
H2O ⇔ H+ + OH−, 2
is influenced by the geometry of the lattice and external elec-
tric fields.20,21 It has also been shown that OH− chemisorbs
on the Pb2+ sublattice of ultrathin PbTiO3 to screen its polar-
ization, with a binding energy of 200 meV.12
Given the similarity between our observations and those
reported for carbon nanotube devices, and the surface dy-
namics of water adsorbed on transition metal oxides, we pro-
pose to use the dissociation-recombination of water mol-
ecules adsorbed at the graphene-PZT interface to account for
the antihysteresis seen in our devices. In this model, OH−
and H+ dissociated from chemisorbed water, as well as mo-
lecular H2O, are likely to be present on the PZT surface to
screen its polarization prior to the exfoliation of graphene. A
positive Vg applied to PZT reduces P originally uniformly
polarized and results in over-screening from the adsorbates.
The balance of Eq. 2 is thus driven toward recombination.
This process is thermally activated Eq. 1 due to the for-
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FIG. 2. Color online Vg on a 7-LG FET at 300 K. Vg reaches a
maximum at the charge neutrality point. Arrows indicate the sweeping di-
rection of Vg. The top axis labels the corresponding carrier density scale.
Vg=2 V marked by the blue triangle. The “0” and “1” labels illustrate the
“off” and “on” states for a memory operation.
( ) (b)10
-3
a
300 K
10-7
10-5
1/

(s
-1
)
0.1
1

(t)
/

(0
)
0.000 0.005 0.010 0.015
1/T (K-1)
0 5 10 15
t (hour)
FIG. 3. Color online a Time-dependent relaxation from the metastable
resistance state the forward sweep curve in Fig. 2 toward the stable state
the backward sweep curve at Vg=2 V. The blue dashed line is an expo-
nential fit to exp−t /
 with 
=6 h. b Arrhenius plot of 1 /
 vs temperature
from measurements in a solid squares and similar measurements on an-
other 15-LG device open triangles. Blue dashed lines are fittings to Eq. 1
with Eb=50 upper line and 110 meV lower line.
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mation of a hydrogen bond between the H+ ion and the sur-
face anion O2−, which acts as the activation barrier. The es-
timated barrier height Eb50–110 meV is consistent with
the binding energy of a weak hydrogen bond on a transition
metal oxide surface.12,20,21 Conversely, as Vg decreases, P
increases and results in under-screening from the adsorbates.
Dissociation of water is then favored to provide additional
screening, which also needs to overcome Eb on the order of
a hydrogen bond. Both processes attempt to screen the po-
larization change in PZT, which in turn prevents charge in-
jection into graphene and leads to the observed antihysteresis
in resistance and carrier density. This model naturally ex-
plains the remarkable similarity among devices fabricated on
films with a wide range of , since the relevant energy scales
are determined by the surface chemistry of water on PZT,
rather than PZT’s bulk properties.
This robust hysteresis can potentially be used to imple-
ment a memory device, where the “0” and “1” states are
represented by the low red and high black resistance
states, as shown in Fig. 2. The high/low resistance ratio is 2
for the 7-LG and reaches 3.5 in a 2-LG device.10 The high-
nature of PZT up to 100 and the superb room temperature
carrier mobility in these devices up to 70 000 cm2 /V s
should enable reading and writing operations at small gate
voltages and exceedingly high frequencies. To achieve the
retention time necessary for a practical nonvolatile memory
device, controlled adsorbates with higher binding energies
may be required.
In conclusion, we observe an unusual resistance hyster-
esis in high-mobility n-layer graphene FETs fabricated on
epitaxial PZT thin films. We attribute its origin to the dy-
namic dissociation/recombination of water molecules chemi-
sorbed at the PZT surface. The reproducibility of the hyster-
esis, combined with excellent carrier mobility, provide a
viable pathway of implementing memory functions in
graphene-oxide hybrid devices.
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